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Abstract 
In EN 13670:2009 standard: Execution of concrete structures  there are general rules of moisture curing of concrete in 
structures. In the standard 4 classes of concrete curing are described. Determination of curing class depends on required level of 
compressive strength immediately after curing (percentage of required characteristic strength after 28 days). Time of curing 
depends on rate of strength development and concrete surface temperature. In the standard there is a lack of information about 
influence of curing class on concrete durability characteristics.  
The main condition to obtain durable concrete is proper curing regime. Not cured on improperly cured concrete has weakened 
surface layer. Extremely faults in curing process could lead to defects visible on the concrete surface. More often defects are 
latent inside the concrete and could be revealed during exploitation, leading to durability reduction. The main effect is increase 
of surface layer porosity (reinforcement cover) and decrease of its protective properties and tightness. Consequently worsening 
of mechanical properties could be observed as well as water-tightness, frost resistance, chemical aggression resistance, 
carbonation resistance and diffusivity of chloride.  
The analysis shown in the paper are the result of 3-yers long investigation conducted by authors, which main goal was to 
determine appropriateness and way to include durability requirements in designing of curing class according to EN 13670:2009. 
Thawing-freezing resistance, scaling with salts resistance, depth of water penetration under pressure and absorptivity were 
adopted as the basic durability factors. Concretes with different cement types, different rate of compressive strength 
development, air-entrained and non-air-entrained were tested. Time of curing was differentiated in the range of classes 1,3,4 
following standard EN 13670:2009 requirements. Practical conclusions were formulated which allows to consider durability 
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presumptions in technological requirements contained in concrete works specifications.  
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1. Introduction 
 
Concrete durability to a large extent depends on proper curing. Inadequate or improper curing will also lead to 
weak surface and surface defects. This is due to the physicochemical phenomena attributed to moisture and heat 
transfer, and the intensity of either of these factors largely depends on the weather conditions. At temperatures of 
over +100C, moisture deficiency and the resulting risks will be the major problem. The higher the ambient 
temperature and wind power during construction works involving concrete, the more serious the consequences of 
possible errors. Providing proper moisture conditions and concrete curing is particularly important at low 
temperatures. In extreme circumstances, the consequences of improper curing can become visible in very short 
time. The appearance of concrete surface can be normal. However, defects in concrete structure will become 
apparent during its life cycle and will reduce the concrete durability. Increased porosity of the surface layer of 
concrete (concrete cover) is one of major defects that affect the protective properties and tightness of concrete 
cover by Bajorek [1,2]. 
 
Mechanical properties of deeper concrete layers are affected as well, along with the durability parameters: 
watertightness, frost-resistance, chemical resistance, including resistance to chloride migration or carbonatization. 
These negative impact can be particularly destructive for concrete with higher mineral content (replacing cement) 
and lower w/c ratio. 
 
Concrete surface should therefore be preferably cured directly after concrete compacting and surface finishing 
works. The criteria for curing class selection have been defined in standard PN-EN 13670:2011 Execution of 
concrete structures, and the curing choice largely depends on the expected concrete strength directly after curing 
as compared to specific strength at 28 days. There are 3 curing classes in standard PN-EN 13670:2011 (class 2, 3 
and 4), each with a different curing duration depending on concrete surface temperature and the rate of strength 
gain, r (r = fcm2 / fcm28 under laboratory conditions). In selecting the curing class, account should be taken of short-
term (own weight and external load during the curing phase) and long-term conditions (concrete exposure class). 
Detailed criteria for selecting the curing class based on the desired compressive strength directly after curing are 
provided in by Piotrowicz et al. [3] and by Woyciechowski et al. [4,5,6,7]. In the relevant standards, concrete 
curing has to do with the desired compressive strength obtained directly after the curing phase. However, the 
authors of this paper argue that the desired durability characteristics of concrete should be also taken into account 
in selecting the proper curing class. The curing duration sufficient to obtain the desired concrete strength after 
curing can be too short to meet the relevant requirements in terms of watertightness, frost resistance, concrete 
surface quality and tightness. 
 
In tests discussed in this paper, we investigated the consequences of curing class selection on concrete durability 
parameters, including water absorption, permeability to water under pressure, as well as resistance to frost and 
scaling. The tests were intended to determine whether it is reasonable to include requirements concerning other 
parameters (apart from compressive strength) to the curing class selection criteria.  
 
2. Research programme, content and materials 
 
5 types mix of concrete were tested, representing different compositions and rates of strength development, with 
CEM I 32.5 R, CEM II/ B-V 32.5 R – HSR and CEM V/A (S-V) 32.5 R – LH cement, gravel aggregate 0/16 mm, 
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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and Vistula sand 0/2 mm. Air-entraining and water-reducing admixtures were also used (Table 1). 
Table 1. Composition and basic properties of concrete mix and concrete. 
Component Designation 
A B C D E 
CEM I 32.5 R 350 - - 350  
CEM II/ B-V 32.5 R – HSR - 350 - -  
CEM V/A (S-V) 32.5 R – LH - - 350 - 350 
Sand 0/2 mm 680 680 680 680 680 
Gravel 2/4 mm 230 230 230 230 230 
Gravel 4/8 mm 410 410 410 410 410 
Gravel 8/16 mm 570 570 570 570 570 
Water 170 170 170 170 170 
Water-reducing admixture - - - 0.3% weight 0.3% weight 
Air-entraining admixture - - - 0.1% weight 0.1% weight 
Properties of concrete mix 
Slump [mm] 30 25 15 95 130 
Density [kg/m3] 2335 2347 2341 2270 2341 
Air content [%]   1.9 1.8 1.8 6.8 5.0 
Basic properties of concrete 
Compressive strength at 28 days 
and 95% RH 36.6 39.6 39.9 
35.5 38.9 
Rate of strength development, r 
      r = fcm2 / fcm28 
0.58 0.54 0.36 0.58 0.36 
 
Compressive strength was tested on 100x100x100 mm mix of concrete after 3, 28 and 90 of curing according to 
standard PN-EN 12390-3:2011[8]; depth of penetration of water under pressure was tested on 150x150x150 mm 
mix after 28 and 90 days of curing according to PN-EN 12390-8:2011[9]; freeze-thaw resistance and resistance to 
deicer salt scaling was tested in 28 test cycles according to standard PKN-CEN/TS 12390-9:2007[10].  
 
Frost-resistance (F50 – 50 test cycles) tested according to standard PN-88/B-06250; water absorption tested 
according to standard PN-EN 88/B-06250. The curing procedure (including the duration of curing) was determined 
according to tabulated data provided in standard PN EN 13670 and summarized in Table 2, taking into account the 
selected curing class (1,3,4), curing temperature (equivalent to ‘concrete surface temperature’ as referred to in the 
relevant standard), and the rate of strength gain determined in preliminary tests.  
 
Mix were cast into moulds according to standard PN-EN 12390-2, enclosed in a membrane and placed into a 
chamber at 200C and RH > 95%. They were removed from moulds after 24 hours and cured under conditions 
specified in Table 2, column d, and additionally covered with a wet cloth during the curing phase. Curing 
continued under weather conditions prevailing in the spring, summer and autumn period; mix were protected 
against direct sunshine.  
Table 2. Curing scenarios according to curing classes. 
mix 
Rate of strength 
gain 
r = fcm2 / fcm28 
Curing class 
Expected % rate of 
specific 28-day 
strength directly after 
curing 
Curing temperature Curing duration Curing continuation 
a b c d e f 
A,B,D fast 1 - ~ 15 °C ~ 24 h 
Spring-summer-
autumn weather 
conditions  
A,B,D fast 3 50 5 - 15 °C 3 days 
A,B,D fast 4 70 5 - 15 °C 8 days 
C,E moderate 3  50 5 - 15 °C 8 days 
A,B,D fast 1 - ~ 25 °C 24 h 
A,B,D fast 4 70 ~ 25 °C 3 days 
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3. Test results and analysis 
 
The test results are summarized in Table 3. Interim test results (at Day 3 and 8) were obtained to check whether 
the estimated percentage rate of specific concrete strength directly after curing has been achieved. 
The desired strength directly after during, i.e. no less than 50% and 70% of specific compressive strength for 
class 3 and 4, respectively, was obtained in all types of concrete after the curing time specified for curing class 3 
and 4. Figure 1 presents the desired rate of specific compressive strength obtained directly after class 4 curing for 
mix A and B.  
 
 
Fig. 1. Compressive strength tested directly after curing  – mix A and B according to Table 1, curing class 4 
– curing scenarios according to Table 2. 
 
It can be concluded that the strength gain requirements in the curing classes defined in the relevant standards 
have been fulfilled in all tested types mix of concrete. It is also noteworthy that longer curing (change from class 3 
to 4) did not translate into higher compressive strength at day 28 (Fig. 2). 
 
 
Fig. 2. Curing class and compressive strength at 28 days. A,B,C,D,E – mix  of concrete according to Table 1. 
 
Further analysis mainly referred to the basic durability parameters of concrete. Water absorption can be 
excluded from the analysis of durability parameters in the context of curing classes. This is because the prescribed 
curing class conditions had no effect on water absorption, even under extreme values (i.e. 24 h curing for class 1 or 
8 days of curing for class 4) (Fig. 3). 
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Fig. 3. Curing class and water absorption (mix A and B). 
The test values of other concrete durability parameters varied a lot. Curing class was shown to significantly 
influence the depth of penetration of water under pressure.  Major differences were revealed for mix of concrete 
cured according to curing class 1 and 4 (marked with an asterisk in Table 3). 
Table 3. Curing class versus concrete parameters. 
PARAMETER CURING CLASS 
MIX OF CONCRETE according to Table 1 
A B C D E 
C
O
M
PR
ES
SI
V
E 
ST
R
EN
G
TH
 M
Pa
 Day 3 
3 23.1 23.5 - 24.9 - 
4 21.7 23.2 - - - 
Day 8 3 - - 27.2 - 22.6 
Day 28 
1 34.6 35.5 36.5 37.2 27.1 
3 40.2 44.2 45.9 41.3 40.0 
4 39.1 41.1 - - - 
Day 90 
3 46.5 54.5 58.1 - - 
4 41.2 55.6 - - - 
Water absorption at 28 days 1 5.7 5.4 - - - 4 5.8 5.4 - - - 
Penetration of water under pressure at 
28 days - mean depth of water 
penetration, mm 
1 150* 84 
133* 
83 99 50 128 
3 61 47 39 43 30 
4 66* 55* - - - 
Change in weight after 50 freeze-thaw 
cycles, % 
1 +0.07 +0.49 +0.22 -0.08 -0.08 
3 +0.10 +0.55 +0.33 -0.05 -0.02 
4 - - +0.15 - - 
Strength loss after 50 freeze-thaw 
cycles, % 
1 4.0 30.0 17.4 3.5 13.8 
3 2.9 33.7 14.1 2.2 9.9 
4 - - 13.4 - - 
Scaling – weight loss after 28 cycles, 
kg/m2 
1 1.94 9,63 7,89 1,27 3.15 
3 1.40 6,48 7,15 0,78 2.18 
4 - - 6,24 - - 
*  V and VI curing types according to Table 2 - class 1 and 4 at around 250C  
 
At 28 days, water was observed to penetrate through mix of concrete with CEM I cement cured according to 
class 1 (depth of water penetration – 150 mm), as opposed to mix cured according to class 4 (mean water 
penetration depth of 66 mm). Similar results were reported for mix of concrete with ash cement admixture – water 
penetration values were by around 60% lower in curing class 4 than in curing class 1. Results obtained in curing 
class 1 mix containing Portland cement and Portland-fly ash cement were similar and significantly better than in 
mix of concrete containing multi-component cement admixture (fig 4). The difference of water penetration depth 
was around 19%. A different trend emerged in curing class 3. Watertightness was the highest in CEM V mix. 
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Water penetration depth was by 21% and 69% lower as compared to CEM II and CEM I, respectively.  
 
 
Fig. 4. Curing class and the depth of penetration of water under pressure. A,B,C,D,E – mix of concrete according to Table 1. 
Curing class was found to play the decisive role in the development of frost resistance. Frost resistance and 
scaling resistance loss was particularly apparent after 50 freeze–thaw cycles (internal frost resistance). No 
correlation was found between curing class and weight loss after 50 freeze–thaw cycles.  
 
An increase in weight was demonstrated in mix of non air-entrained concrete after 50 freeze–thaw cycles, in all 
cement types and curing classes. Weight gain ranged from 0.07 to 0.55%. The increase in weight can be attributed 
to water absorption during the thaw cycle. Very small weight loss (0.02-0.08%) was only confirmed for air-
entrained concretes. 
 
The highest mean decrease of compressive strength after 50 freeze–thaw cycles was reported for non air-
entrained concrete with CEM II Portland-fly ash cement. In these mix, the curing class had no impact of the 
development of frost resistance, i.e. the loss of frost resistance in curing class 3 mix was by 12% higher than in 
curing class 1 mix. In CEM I and CEM V mix, compressive strength loss was lower in curing class 3 mix than in 
curing class 1 mix (by 27.5 and 26.6%, respectively). 
 
The best freeze–thaw resistance was demonstrated for mix with Portland cement. Mean resistance loss of 4% 
for curing class 1 and of 2.9% for curing class 3 was reported. Up to 20% compressive strength loss is considered 
acceptable according to the relevant standards, and this criterion was met for all mix made of admixture-free 
concrete with cement in all curing classes. Higher compressive strength loss of over 30% was reported for concrete 
containing cement and fly-ash admixture, irrespective of the curing duration. A slightly lower compressive strength 
loss was observed in mix containing cement with fly ash and gravel admixture. This type of concrete meets the 
requirements of the relevant standards, but only by a narrow margin (19.2%) of strength loss in curing class 1 mix. 
14.1% strength loss was found in curing class 3 mix (Fig. 5). Similar findings were observed with air-entrained 
concrete (Fig. 6) with Portland and multi-component cement. 
 
Surface scaling was observed in all curing classes and in all types of mix of non air-entrained concrete tested for 
resistance to scaling exposed to deicer salt. It follows that, even if the best curing class is selected, scaling 
resistance may still be insufficient unless the mix contains air-entraining admixtures to provide for better frost 
resistance of the final product. The smallest weight loss was reported for CEM I admixture-free concrete - 1.94 
kg/m2 for curing class 1 and  1.4 kg/m2 for curing class 3. Consistently with the results for internal frost 
resistance, concrete with cement and fly ash admixture proved to be least resistant to scaling when exposed to 
deicer salt. The difference was 80% and 78% for curing class 1 and 3, respectively. Only slightly better results was 
reported for mix with multi-component cement. As compared to CEM I concrete, 74% and 76% difference in 
weight loss was obtained with different curing classes. In tests mix of D and E with air-entraining admixture, the 
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effect of air entraining on the resistance to scaling was positive and significantly correlated with the curing class 
(Fig. 7). Weight loss of less than 0.8 kg/m2 in mix D was obtained in curing class 3. Scaling resistance was also 
improved for mix C after a change from class 3 to class 4.  
 
 
Fig. 5. Change in concrete strength after 50 cycles – mix A, B and C. 
 
Fig. 6. Curing class (1,3,4) and strength loss after 50 freeze-thaw cycles. 
 
Fig. 7. Curing class and resistance to scaling. 
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4. Summary   
 
The following conclusions can be drawn from the test results: 
x Higher curing class has a positive effect on the final compressive strength of all types of concrete, irrespective 
of the cement type.   
x Depth of penetration of water under pressure largely depends on the curing class. Depth of water penetration 
was significantly reduced in curing class 3 and 4 mix as compared to curing class 1 mix. This result was consistent 
for all cement types. 
x Aeration concrete has a beneficial effect on frost resistance (internal and scaling) but still this parameter is 
closely related to the adopted curing class. 
x Curing duration has a positive effect on internal frost resistance of concrete with Portland cement and multi-
component fly ash-gravel-cement admixtures.  
x A curing class that allows to obtain the desired compressive strength of concrete may be insufficient to meet the 
requirements for resistance to scaling on exposure to aggressive agents; for example, curing class 1 was sufficient 
to obtain the desired compressive strength for concrete D (of around 37 MPa), but curing class 3 (longer curing 
duration) had to be used to obtain the required scaling resistance. 
It was demonstrated that early phase curing is decisive for the development of durability parameters of concrete. 
The results of this study can contribute to the development of new criteria for curing class selection based on both 
strength and durability parameters. 
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